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We describe an air– liquid interface primary culture method for murine tracheal epithelial cells on semi-permeable membranes, forming
polarized epithelia with a high transepithelial resistance, differentiation to ciliated and secretory cells, and physiologically appropriate
expression of key genes and ion channels. We also describe the isolation of primary murine nasal epithelial cells for patch-clamp analysis,
generating polarised cells with physiologically appropriate distribution and ion channel expression. These methods enable more
physiologically relevant analysis of murine airway epithelial cells in vitro and ex vivo, better utilisation of transgenic mouse models of
human pulmonary diseases, and have been approved by the European Working Group on CFTR expression.
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1. Introduction evaluate epithelial cells ex vivo, have provided valuableAirway epithelial cells play critical roles in homeostasis
and host defence. These include acting as a physical barrier,
secreting and modifying the ASL, removing particulates via
muco-ciliary transport, secreting components of the innate
immune system, recognising and responding to pathogen-
associated molecular patterns, signalling to leukocytes, and
perhaps internalizing and clearing microorganisms by apo-
ptosis and shedding. The role of these cells in the patho-
physiology of CF lung disease remains a topic of great
interest and debate [1,2].
The development of techniques to study airway epithelial
cells from humans [3], and other species, in vitro, in well
differentiated primary cultures, and methods to isolate and1569-1993/$ - see front matter D 2004 European Cystic Fibrosis Society. Publish
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Abbreviations: ASL, airway surface liquid; ENaC, epithelial Na+
channel; FCS, foetal calf serum; HEPES DMEM, 2-(4-(2-Hydroxyethyl)-1-
piperazinyl) ethanesulfonic acid buffered Dulbecco’s modified Eagle’s
medium; RT, room temperature; Rte, transepithelial resistance; SEM,
scanning electron microscopy.
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E-mail address: ddavidso@interchange.ubc.ca (D.J. Davidson).insights into the detailed functions and capabilities of these
cells. However, until recently these techniques had not been
successfully applied to murine airway epithelial cells. In
contrast to other species, the most successful published
methods for the primary culture of murine airway epithelial
cells had resulted in the establishment of a relatively
undifferentiated epithelium, with few, if any, ciliated cells
[4,5]. In addition, patch-clamp studies were generally per-
formed on murine cell lines, rather than primary cells.
Consequently, the appropriate cellular polarisation, gene
expression, ion channel and pattern recognition receptor
localization, and basic cellular function could not be reliably
considered to be physiologically appropriate.
The inadequacy of these compromised in vitro models
became significant in recent years with the advent of
technologies to generate transgenic mice, and the prevalence
of murine models of human diseases. Although the devel-
opment of such model systems is clearly primarily for in
vivo studies, the complementation of such research with in
vitro experimentation using cells from these mouse models
is often fundamental to characterisation and optimal use of
the many opportunities provided by these animals. This is
particularly true in the CF research field, with the generationed by Elsevier B.V. All rights reserved.
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which additional transgenes have been introduced, and
altered phenotypes expressed on different genetic back-
ground strains (reviewed in Ref. [6]). Despite some impor-
tant differences between humans with CF and the
pathophysiology described in mouse models, these animals
have provided a wealth of interesting and useful pheno-
types, and continue to be used in dissecting disease patho-
genesis and testing novel therapeutics (reviewed in Ref. [7]).
Numerous analyses of airway epithelial cell function
have been conducted on human and murine tissues, primary
cultures and cell lines, including the study of expression and
activity of CFTR and other ion channels, regulation of ASL
composition and volume, and production of host defence
peptides. Conflicting results have been reported in the CF
literature, which might be due to differing experimental
protocols and approaches, and the validity of the model
systems. In response to the need for techniques to enable the
analysis of airway epithelial cells from transgenic mouse
models of human pulmonary diseases, we developed meth-
odologies for the primary culture of differentiated murine
tracheal epithelium [8], and isolation of primary murine
nasal epithelial cells for patch-clamp analyses [9].2. Materials and methods
Detailed methodologies are available at the European
Working Group on CFTR Expression website [10].
2.1. Animals
Primary culture studies were performed using specific-
pathogen free C57BL/6N mice of both sexes, aged 5–7
weeks (Charles River, UK). Nasal epithelial cell isolation
was performed using BALB/c mice of both sexes. All
experimental work complied with the UK Animal (Scien-
tific Procedures) Act 1986.
2.2. Isolation and culture of murine tracheal epithelial cells
Mice were killed by asphyxiation with CO2, the tracheae
were removed, cut from the thyroid cartilage to the level of
the bifurcation, stripped of attached tissues, cut open length-
ways, washed in PBS at room temperature (RT) for 5 min,
then transferred into Collection media (1:1 mix of DMEM:
Nutrient Mixture Ham’s F-12 medium, 1% penicillin–
streptomycin). Batches were incubated in Dissociation me-
dia (44 mM NaHCO3; 54 mM KCl; 110 mM NaCl; 0.9 mM
NaH2PO4; 0.25 AM FeN3O9, 1 AM sodium pyruvate, 42 AM
phenol red, pH 7.5, containing 1% penicillin–streptomycin,
1.4 mg/ml Pronase, and 0.1 mg/ml DNase) at 37 jC for 60
min, and digestion stopped with foetal calf serum (FCS).
Epithelial cells were dissociated by gentle agitation, pooled,
washed, and incubated in Culture medium (Collection
media with 5% FCS, 120 IU/ml of Insulin) at 37 jC for 2h in a Premaria culture dish (Becton Dickinson, UK) to
remove the non-epithelial cells. Non-adherent cells were
collected, washed, and seeded at 4 105 cells in 200 Al of
Culture media per semipermeable support membrane (Co-
star Transwell Clear, tissue culture treated polyester mem-
brane 24-well plate inserts, 0.4 Am pore; Corning Costar,
UK), precoated with Human Placental Collagen, Type VI
(Sigma-Aldrich, UK), with 600 Al Culture media in the
basal compartment. The typical yield was found to be
approximately 2 105 cells per trachea. Cultures were
incubated at 37 jC in 6% CO2 in a humidified incubator
for 3 days, before medium on the apical surface was
removed and the basal medium was replaced with 600 Al of
Differentiation media (Collection media with 2% Ultroser-
G serum substitute), replaced twice weekly.
2.3. Isolation of murine nasal epithelial cells
Mice were euthanised and the nasal cavity was washed
with Washing media (HEPES-DMEM containing 1% pen-
icillin–streptomycin) to remove blood and debris. The nasal
epithelium either side of the nasal septum was removed by
dissection [11], washed with Washing media, transferred to
1 ml of Dissociation medium (HEPES-DMEM, with 0.05%
wt/vol Protease XIV (Sigma-Aldrich), 1% penicillin–strep-
tomycin) and kept for 24 h at 4 jC. Dissociation was
stopped by centrifugation (14 g, 30 s), and the tissue
resuspended in Storage medium (HEPES-DMEM, 10%
FCS, 1% penicillin–streptomycin) at 4 jC. The dissociated
epithelium was viewed under phase-contrast optics ( 200)
and epithelial sheets containing f 50–100 beating ciliated
cells were separated from the main body of the tissue using
sharpened stainless needles. These were transferred by
micropipette into 150 Al of Isolation medium (145 mM
NaCl, 4.5 mM KCl, 2.0 mM EGTA, 10 mM Glucose, 10
mM HEPES, pH 7.4) in a microwell (16 mm diameter glass
coverslip glued to a 1 mm plastic ring of equal diameter),
and incubated for 10 min at RT. The microwell was then
transferred to a dissecting microscope ( 45), and the
pieces of epithelium teased apart using entomology pins to
yield single cells and small groups of cells ( < 7). The
respiratory epithelial cells were distinguished from other
cell types by their prominent cilia and selected as viable for
patch-clamp analysis by having a clear, bright, phase
contrast image and beating cilia.3. Results and discussion
3.1. Characterisation of primary cultures of murine
tracheal epithelium
Primary cultures of murine tracheal epithelial cells
reached confluency during submerged culture, and then
maintained an air–liquid interface for as long as they
remained viable (observed for up to 80 days). These
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scanning electron microscopy (SEM), and high transepi-
thelial resistance (Rte), at day 4 [8]. Progressive cellular
differentiation was observed with increasing length of time
in culture, with the development of ciliated cells and
goblet cells in proportions similar to those seen in vivo,
and with Rte stabilised at f 1 kV cm
2 by day 14.
Immunohistochemical analysis demonstrated cultures com-
posed almost entirely of epithelial cells, with distinct
epithelial subsets present. Constitutive transcription of Cftr
and murine beta-defensin-1 (Defb1), and inducible tran-
scription of murine beta-defensin-2 (Defb2) was shown to
mimic in vivo expression. Finally, Ussing chamber studies
demonstrated the presence of amiloride-sensitive sodium
(Na+) currents, suggesting the presence of the epithelial
Na+ channel (ENaC), and cAMP-stimulated chloride (Cl)
currents, consistent with the expression of the Cftr gene in
these epithelia.
Thus, we have established and characterised a primary
culture model of well differentiated, polarised murine tra-
cheal epithelium, suitable for the investigation of the growth
and differentiation dynamics of murine tracheal epithelium,
bacterial and leukcocyte interactions with airway epithelial
cells, regulation of airway surface liquid (ASL) composi-
tion/volume and its potential for direct antimicrobial activ-
ity. This system enables in vitro analysis of airway
epithelium from transgenic mouse models, for research into
the pathophysiology of airway diseases and the evaluation
of novel therapies. This technique has been used to assess
the expression of Defb1 in a knockout mouse model [12]. In
addition, the technique has been modified using variants of
media supplementation to allow the use to smaller numbers
of cells per culture [13]. In these studies additional immu-
nohistochemical markers demonstrated the appropriate cel-
lular differentiation, and two transgenic mice (Foxj1, and
CCSP knockouts) were utilised, showing gene transcription
patterns and cellular morphology (absent cilia in Foxj1
knockouts) that mirrored in vivo expression and phenotype.
In addition, wound regeneration and proliferative capacity,
independent of programmes for differentiation, were ob-
served in these cultures.
3.2. Characterisation of primary murine nasal epithelial
cells
Ciliated murine respiratory cells were obtained by re-
moval of the intact nasal epithelium, partial enzymatic
dissociation of the tissue, and microdissection for functional
studies. In the mouse, the nasal membrane contains four
types of epithelia; respiratory, olfactory, transitional and
squamous. Most of the respiratory epithelium is located in
the lateral and ventral regions of the nasal cavity. These cells
could be identified after microdissection by the possession
of beating cilia [14] and were shown to be suitable for
patch-clamping [9]. Patch-clamp analyses of these unstimu-
lated cells demonstrated the presence of K+, Cl, and undercertain conditions, Na+ conductances [9] and has enabled
the analysis of three distinct Cl conductances in cells from
both wild-type and mouse models of CF [15].
Thus we have demonstrated a methodology for the
isolation of primary murine respiratory epithelial cells for
patch-clamp analyses, unaffected by concerns regarding
viral transformation, appropriate cellular polarisation, and
ion channel localisation. This method enables ex vivo
analysis of the bioelectric properties of airway epithelial
cells from transgenic mouse models, for the study into the
pathophysiology of pulmonary diseases and the evaluation
of new therapeutic approaches.4. Conclusion
The functional properties of epithelial cells, and of
CFTR, are dependent upon differentiation and an appropri-
ately polarised cell organization, which is reliant upon
extracellular signals generated from cell–cell and cell sub-
stratum interactions. Optimal conditions are necessary to
retain the ultrastructure of the original tissue, ion transport
properties, gene expression and the secretion of molecules
characteristic of the tissue from which the cells have been
isolated. The use of non-polarised and/or poorly differenti-
ated primary cultures and immortalised cell lines is subop-
timal for epithelial cell research. The development of
techniques for the primary culture and isolation of differen-
tiated murine airway epithelial cells enables more physio-
logically relevant analysis in vitro and ex vivo as well as the
better utilisation of transgenic mouse models of human
pulmonary diseases. We expect standardisation of these
techniques between different laboratories to significantly
benefit data interpretation.Acknowledgements
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